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HIGHLIGHTS 


•  The  ASC  uses  petal-shaped  Mn02  and  a  network  of  CNT-CNF  as  the  electrodes. 

•  The  ASC  shows  a  high  specific  capacitance  in  an  aqueous  neutral  electrolyte. 

•  The  ASC  shows  a  high  power  density  by  operating  at  a  cell  voltage  of  2.0  V. 

•  The  ASC  is  attributed  to  the  synergistic  effects  of  the  two  superior  electrodes. 
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An  asymmetric  supercapacitor  (ASC)  uses  very  thin  petal-shaped  Mn02  nanosheets  as  the  positive 
electrode  and  a  network  of  carbon  nanotube-embedded  polyacrylonitrile-based  carbon  nanofibers  (CNT- 
CNF  electrodes)  as  the  negative  electrode.  It  has  a  high  specific  capacitance  and  a  high  specific  energy 
density  in  0.5  M  Na2S04.  An  assembled  Mn02//CNT-CNF  ASC  is  operated  reversibly  at  a  high  cell  voltage 
of  2.0  V  and  exhibits  a  high  specific  capacitance  of  93.99  F  g-1  and  an  excellent  energy  density  of 
52.22  Wh  kg-1,  which  is  better  than  those  of  ASCs  that  are  based  on  Mn02//carbon,  which  can  be  found 
in  the  literature.  The  Mn02//CNT-CNF  ASC  has  superior  cycling  stability  with  92%  retention  of  initial 
specific  capacitance  after  2000  cycles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Supercapacitors  or  electrochemical  capacitors  are  promising 
energy  storage  devices  because  of  their  high  power  density,  fast 
charging  and  discharging,  and  long  cycle  life.  They  have  attracted 
much  attention  for  a  wide  range  of  applications  from  electrical  or 
hybrid  vehicles,  renewable  energy  generation  devices,  and  portable 
devices.  However,  the  energy  density  of  a  commercially  symmetric 
supercapacitor  is  typically  less  than  10  Wh  kg-1,  which  is  lower 
than  that  of  a  battery  [1—3].  The  following  equation  gives  the  en¬ 
ergy  density  (E)  of  a  supercapacitor, 
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E  =  lev2  (1) 

where  E,  C  and  V  are  the  energy  density,  the  specific  capacitance 
and  the  cell  voltage,  respectively.  The  energy  density  of  a  super¬ 
capacitor  can  be  improved  by  increasing  the  cell  potential.  Some 
investigations  have  utilized  organic  electrolytes,  which  have  wide 
voltage  windows,  in  cells  [4-6].  However,  most  organic  electrolytes 
have  poor  ionic  conductivity  and  high  cost;  raise  environmental 
concerns,  and  can  be  used  only  in  cells  that  are  fabricated  in  an 
oxygen-free  environment.  Some  works  have  developed  high- 
voltage  symmetric  supercapacitors  in  aqueous  electrolytes  [7-9]. 
However,  high-voltage  operation  may  corrode  carbon-based  ma¬ 
terials,  especially  in  positive  electrodes,  as  follows. 

C  +  2H20  ^  C02  +  4H+  +  4e~  E  =  0.207  VRHE 

An  asymmetric  supercapacitor  (ASC)  comprises  a 
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pseudocapacitive  electrode  and  an  electrochemical  double-layer 
electrode,  which  has  the  advantages  of  both  supercapacitor  (rate 
and  cycle  life)  and  battery  (energy)  [10].  When  the  positive  and 
negative  electrodes  are  carefully  operated  with  different  potential 
windows,  the  ASC  can  be  operated  with  a  cell  voltage  of  up  to  2.0  V 
in  aqueous  electrolyte. 

The  positive  materials  in  ASCs  can  be  metal  oxides  (such  as  Ru02 
and  Mn02)  and  conducting  polymers  (such  as  polyaniline  and 
PEDOT),  whose  electrochemical  behaviors  are  pseudocapacitive 

[11] .  Given  its  cost  and  environmental  friendliness,  Mn02  is  a 
feasible  material  for  use  as  a  positive  electrode  in  a  supercapacitor 

[12] .  Mn02  is  an  abundant  non-toxic  raw  material  with  a  low  cost, 
and  has  been  utilized  in  a  primary  alkaline  battery  (Zn/MnC^)  as  an 
active  cathode  material.  The  thermodynamically  reversible  voltage 
of  water  evolution  is  1.23  V.  The  overpotentials  of  oxygen  and 
hydrogen  evolutions  in  the  aqueous  electrolyte  depend  strongly  on 
pH.  Khomenko  et  al.  plotted  a  potential-pH  graph  for  the  evolution 
of  02  on  oc-Mn02  and  that  of  H2  on  activated  carbon,  and  found  that 
the  cell  voltage  window  may  extend  to  2  V  at  pH  values  of  6-7  [13]. 
Mn02  has  several  crystallographic  forms,  which  are  known  as  a,  (3, 
y,  5,  and  A.  The  structures  of  a,  p,  and  y  include  ID  tunnels;  the 
5  form  has  a  2D  layered  structure  and  the  X  form  has  a  3D  spinel 
structure.  Since  the  specific  capacitance  depends  on  the  degree  of 
intercalation/deintercalation  of  protons  or  cations  into/from  the 
Mn02  lattice,  the  different  crystallographic  forms  are  expected  to 
have  different  capacitive  properties.  Brousse  et  al.  studied  various 
crystallographic  forms  of  MnC^  and  their  specific  capacitances  in 
0.1  M  K2SO4  [14].  They  found  values  for  the  (3,  y,  <5  and  A  structures  of 
5, 30,  80-110,  and  70  F  g-1,  respectively:  the  8-Mn02  had  the  better 
specific  capacitance.  Devaraj  and  Munichandraiah  studied  the 
specific  capacitances  of  a,  /?,  y,  and  5  structures  in  0.1  M  Na2S04,  and 
found  that  the  a-Mn02  (241-297  F  g-1)  had  the  best  [15]. 

The  negative  materials  of  ASCs  are  carbon-based.  They  include 
activated  carbon,  carbon  nanotubes  (CNT),  and  graphene,  which 
store  energy  by  charge  separation  at  the  interface  between  the 
electrolyte  and  the  electrode,  which  is  called  the  electrochemical 
double-layer  mechanism  [1,16-24].  The  specific  capacitance  of  a 
carbon-based  material  is  generally  assumed  to  be  like  that  of  a 
parallel-plate  capacitor: 


where  er,  eo,  A  and  d  are  the  electrolyte  dielectric  constant,  the 
permittivity  of  a  vacuum,  the  specific  surface  area  of  the  electrode 
that  is  accessible  to  the  electrolyte  ions,  and  the  Debye  length. 
Accordingly,  the  specific  capacitance  of  the  carbon-based  material 
depends  on  its  specific  surface  area  and  electrical  conductivity,  as 
well  as  the  type  of  electrolyte  with  which  it  is  used  [25].  Zhang  et  al. 
reviewed  various  carbon-based  materials,  and  found  that  the 
typical  specific  capacitances  of  activated  carbon,  CNTs,  and  gra¬ 
phene  were  approximately  <200,  50-100,  and  100-150  F  g_1, 
respectively,  in  aqueous  solution  [26,27].  Wang  et  al.  studied 
curved  graphene  nanosheets  (CGN)  in  various  aqueous  media,  and 
found  that  the  specific  capacitances  of  CGNs  were  about  120, 150, 
and  75  F  g-1  in  6  M  KOH,  1  M  H2S04,  and  1  M  Na2S04,  respectively 
[28].  The  specific  capacitance  of  carbon-based  material  in  neutral 
solution  (Na2S04)  was  half  of  that  in  an  acidic  medium  (H2SCH)  and 
62.5%  of  that  in  a  basic  medium  (KOH).  Several  studies  have  found 
similar  results  [8,29]. 

Carbon  nanofibers  (CNFs)  with  high  surface  areas  and  porosities 
have  attracted  much  attention  in  recent  years  and  are  considered  to 
be  promising  candidates  for  energy  applications  [30  .  CNFs  can  be 
produced  by  several  techniques,  of  which  electrospinning  is 
particularly  low-cost  and  versatile  [31].  Guo  et  al.  studied  hybrid 


CNFs  that  contained  CNTs  that  were  produced  by  electrospinning; 
they  had  a  specific  capacitance  of  310  F  g-1  in  1.0  M  H2S04  32]. 
Zhou  et  al.  used  electrospun  CNFs  surface-grafted  with  vapor- 
grown  CNTs  as  hierarchical  electrodes  for  supercapacitors,  and 
found  a  specific  capacitance  of  185  F  g_1  in  PVA/H3PCH  gel  elec¬ 
trolyte  [33].  Hsu  et  al.  demonstrated  the  directly  grown  graphene¬ 
like  carbon  nanowall  (GNW)— CNT— polyacrylonitrile-based  CNF 
paper  structure,  and  obtained  a  specific  capacitance  of  176  F  g-1  in 
0.5  M  H2S04  [34].  They  stated  that  CNTs  and  graphenes  had 
excellent  electrical  conductivity,  and  thus  hybrid  carbon  compos¬ 
ites  that  contained  CNTs  and  graphenes  provided  improved  elec¬ 
trical  conductive  pathways  for  charge  transfer  in  the  electrodes, 
significantly  increasing  specific  capacitance.  These  reports  only 
measured  CNF-based  materials  by  using  three-electrode  cells  or 
symmetric  capacitor  setups  in  acid  or  alkaline  media.  However, 
CNF-based  materials  that  were  used  in  ASCs  and  neutral  medium 
were  rarely  reported  in  the  literature. 

This  work  reports  on  an  Mn02//CNT-CNF  ASC  in  which  the  Mn02 
nanocomposite  is  used  as  the  positive  material  and  the  CNT- 
embedded  polyacrylonitrile-based  CNF  (CNT-CNF  electrode)  is 
used  as  the  negative  electrode.  The  as-prepared  ASC  can  be 
reversibly  charged  and  discharged  at  2.0  V  in  0.5  M  Na2S04, 
exhibiting  a  high  specific  capacitance  of  93.99  F  g-1  with  an 
excellent  energy  density  of  52.22  Wh  kg-1  at  a  current  density  of 
0.1  A  g-1.  The  as-prepared  ASC  also  has  a  superior  cycling  stability 
with  the  retention  of  approximately  92%  after  2000  cycles. 

2.  Experimental 

2.1.  Preparation  of  a-Mn02  and  d-Mn02 

The  preparations  of  a-Mn02  and  5-Mn02  were  modified  from 
those  of  Yang  and  Huang  [35].  All  chemicals  used  in  this  experiment 
were  analytical  grade.  To  prepare  a-Mn02,  MnS04  (0.01  mol)  and 
KMn04  (0.01  mol)  were  mixed  in  deionized  water  (100  mL)  and 
stirred  with  a  magnetic  stirrer  for  10  min  to  yield  a  homogenous 
solution  at  room  temperature.  Then,  the  solution  was  transferred  to 
a  Teflon-lined  stainless  steel  autoclave  with  a  120  mL  capacity, 
which  was  loaded  into  an  oven  that  had  been  preheated  to  140  °C 
for  2  h.  Thereafter,  the  pressure  vessel  was  cooled  by  natural  con¬ 
vection.  The  precipitates  were  filtered  and  washed  in  deionized 
water  and  ethanol  to  remove  unreacted  materials.  The  precipitates 
were  dried  overnight  at  60  °C  in  air.  To  prepare  5-Mn02,  MnS04 
(0.01  mol)  and  KMn04  (0.03  mol)  were  mixed  in  100  mL  deionized 
water,  and  the  above  steps  were  followed. 

The  positive  electrode  was  prepared  by  mixing  active  materials 
(70  wt%,  a-Mn02  and  8-Mn02),  activated  carbon  (20  wt%)  and 
polyvinylidene  fluoride  (10  wt%)  in  N-methyl-2-pyrrolidone,  and 
then  the  slurry  was  treated  by  a  homogenizer.  The  homogenized 
slurry  was  spread  onto  nickel  foil  with  a  loading  of  1.0  mg  cm-2. 
The  electrode  was  heated  at  110  °C  for  12  h  to  eliminate  the  solvent. 

2.2.  Preparation  of  CNT-embedded  polyacrylonitrile-based  carbon 
nanofiber 

Polyacrylonitrile-based  CNF  (CNF  electrode)  and  CNT- 
embedded  polyacrylonitrile-based  CNF  (CNT-CNF  electrode)  were 
prepared  by  electrospinning  in  an  electric  field  that  was  established 
by  applying  a  20  kV  electrical  potential  across  a  22  cm  gap  between 
a  syringe  and  a  collector.  To  prepare  the  CNF  electrode,  the  spraying 
solution  was  polyacrylonitrile  (50  wt%)  in  DMF.  To  prepare  the  CNT- 
CNF  electrode,  the  spraying  solution  was  3  wt%  commercial  CNT 
and  polyacrylonitrile  (50  wt%)  in  DMF.  Following  the  electro¬ 
spinning  process,  the  sample  was  treated  in  a  tubular  furnace  for 
the  oxidative  stabilization  at  280  °C  in  air  for  2  h.  It  was  then  heated 
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to  800  °C  at  a  rate  of  1  °C  min  1  for  30  min  in  an  atmosphere  of 
argon  to  complete  the  carbonization. 

2.3.  Analysis  of  materials 

X-ray  diffraction  measurements  were  made  on  a  Bruker  D8 
advanced  high-resolution  diffractometer  system  with  Cu  Ka  radi¬ 
ation  at  1.54056  A,  scanning  from  10° -80°  ( 2d )  at  a  scan  rate  of 
1°  min-1  in  steps  of  0.02°  at  room  temperature.  The  morphology  of 
the  sample  was  observed  using  a  high-resolution  scanning  electron 
microscope  (HRSEM,  JEOL-6700F).  A  field-emission  TEM/STEM 
(JEOL-2100)  with  an  energy-dispersive  detector  (EDS)  was  used  to 
observe  the  micro-structure  of  the  sample.  Nitrogen  adsorption- 
desorption  isotherms  were  obtained  using  a  Tristar  3000.  Before 
the  measurements  were  made,  the  samples  were  degassed  at 
100  °C  in  a  vacuum  for  5  h.  Brumauer— Emmett-Teller  (BET) 
measurements  were  made  to  estimate  the  specific  surface  area 
(Sbet).  The  resistance  of  the  samples  was  measured  in  a  two- 
electrode  holder  by  performing  an  AC  impedance  analysis. 

2.4.  Electrochemical  measurement 

The  sample  was  placed  in  a  holder  as  a  working  electrode,  which 
was  connected  to  the  electrochemical  instrument  (Solartron 
1280C)  via  a  golden  wire.  In  making  the  three-electrode  measure¬ 
ments,  the  reference  electrode  was  an  SCE  electrode  (0.242  V  vs. 
SHE)  and  the  counter  electrode  was  a  platinum  foil.  The  electrolyte 
was  nitrogen-purged  0.5  M  Na2S04.  In  making  the  two-electrode 
measurements,  the  ASC  was  assembled  in  a  sandwich-type  two- 
electrode  coin  cell  (CR2032  size)  using  an  Mn02  electrode  and  a 
CNT-CNF  electrode  as  the  positive  and  negative  electrodes, 
respectively,  which  was  separated  by  a  separator.  The  electrolyte 
was  0.5  M  Na2S04.  The  mass  of  each  sample  was  measured  before 
the  electrochemical  measurements  were  made. 

3.  Results  and  discussion 

Mn02  is  composed  of  basic  Mn06  octahedral  units.  The  sharing 
of  different  vertices  and  edges  among  the  Mn06  octahedral  units 
yields  different  crystallographic  forms.  Fig.  1  shows  the  XRD  pat¬ 
terns  of  as-prepared  a-Mn02  and  8-Mn02.  The  characteristic  peaks 
of  oc-Mn02  are  at  12.5°,  17.9°,  28.7°,  37.4°,  41.8°,  49.6°,  56.4°,  60.3°, 
65.1°,  and  69.7°,  corresponding  to  facet  indexes  of  (110),  (200), 
(310),  (211),  (301),  (411),  (600),  (521),  (002),  and  (541),  respectively 
(JCPDS  44-0141 ).  The  diffraction  pattern  of  8-Mn02  differs  greatly 


from  that  of  a-MnC^.  It  has  characteristic  peaks  at  12.3°,  24.9°,  and 
36.6°,  with  corresponding  facet  indexes  of  (001),  (002),  and  (006), 
respectively  (JCPDS  18-0802).  MnC^  crystallographic  structures  are 
strongly  controlled  by  varying  the  molar  ratio  of  KMn04/MnS04. 
When  the  8-Mn02  is  formed  in  the  hydrothermal  process  with  a 
high  I<+  concentration,  the  high  molar  ratio  of  KMn04/MnS04  re¬ 
sults  in  the  production  of  KxMn02-yH20,  yielding  the  layered  5- 
Mn02  that  contains  I<+  [35,36]. 

Fig.  2a  and  b  presents  HRSEM  images  of  a-Mn02  and  8-Mn02, 
respectively.  The  morphology  of  a-Mn02  is  that  of  a  needle-like 
nanowire  with  a  diameter  of  20-30  nm  and  a  length  of  2-4  pm. 
The  morphology  of  5-Mn02  is  that  of  petal-shaped  nanosheets  with 
a  thickness  of  5—10  nm.  Many  5-Mn02  nanosheets  are  aggregated 
into  shapes  like  hydrangea  flowers,  and  the  diameter  of  each  cluster 
is  0.4-0.7  pm.  Fig.  2c  presents  a  TEM  image  of  a-Mn02  with  a 
diameter  of  25  nm.  The  inset  in  Fig.  2c  presents  its  selected  area 
diffraction  (SAD)  pattern,  which  includes  a  couple  of  spots  within 
rings  that  correspond  to  crystal  planes,  revealing  that  the  a-Mn02 
has  a  polycrystalline  structure.  Fig.  2d  presents  the  enlarged  TEM 
image  with  the  clear  lattice  fringes  of  a-Mn02.  From  these  fringes, 
the  d-spacing  is  0.48-0.49  nm,  as  shown  in  the  inset  digital 
micrograph,  corresponding  to  the  d-spacing  of  the  (200)  plane, 
revealing  that  the  growth  direction  of  the  nanowire  during  the 
hydrothermal  process  is  along  [011]  direction.  Fig.  2e  displays  a 
TEM  image  of  5-Mn02,  and  the  inset  presents  the  corresponding 
SAD  pattern.  The  SAD  pattern  includes  a  couple  of  very  weak  spot 
patterns  within  rings,  revealing  that  the  5-Mn02  tends  to  be  an 
amorphous  structure.  Wei  et  al.  found  that  adding  I<+  not  only 
delayed  the  conversion  of  manganese  ions  to  manganese  dioxide, 
but  also  increased  the  phase  transformation  temperature  [37].  They 
found  that  the  MnC>2  nanostructures  changed  from  highly  crystal¬ 
line  to  amorphous  as  the  I<+  concentration  increased.  Fig.  2f  pre¬ 
sents  the  enlarged  TEM  image  that  shows  clear  lattice  fringes  of  the 
5-Mn02.  The  calculated  d-spacing  is  0.67-0.70  nm,  as  shown  in  the 
inset  digital  micrograph.  The  ideal  d-spacing  of  (002)  of  5-Mn02  is 
0.72  nm.  The  difference  between  these  two  values  may  be  caused 
by  the  spherical  aberration  or  the  image  distortion  that  originates 
in  TEM. 

Fig.  3a  plots  the  CV  curves  of  activated  carbon  (background),  the 
a-Mn02  electrode,  and  the  5-Mn02  electrode,  obtained  at  a  scan 
rate  of  5  mV  s-1  in  the  potential  range  of  -0.2  to  0.8  V.  Since  all 
Mn02  samples  are  mixed  with  activated  carbon,  the  CV  curve  re¬ 
veals  that  the  capacitive  property  of  activated  carbon  can  be 
ignored  compared  to  other  samples.  The  specific  capacitance  of  a- 
Mn02  electrode  is  107.6  F  g~\  In  this  work,  the  specific  capacitance 
of  a-Mn02  electrode  is  much  lower  than  that,  297  F  g-1,  in  the  work 
of  Devaraj  and  Munichandraiah  [15].  Wei  et  al.  found  specific  ca¬ 
pacitances  from  58  to  124  F  g-1  for  their  amorphous  a-Mn02 
samples  [37  .  The  specific  capacitance  of  8-Mn02  electrode  herein  is 
265.8  F  g-1,  which  is  almost  2.5  times  that  of  a-Mn02  electrode. 
Fig.  3b  presents  the  specific  capacitances  of  a-Mn02  and  5-Mn02 
electrodes  at  various  scan  rates.  The  5-Mn02  electrode  not  only 
exhibits  high  specific  capacitances  but  also  maintains  these  high 
values  much  more  effectively  than  the  a-MnCb  electrode  at  high 
scan  rates.  Therefore,  the  5-Mn02  electrode  is  selected  herein  for 
subsequent  study  as  the  positive  electrode  of  the  ASC. 

Carbon-based  materials  are  used  in  electrochemical  double¬ 
layer  capacitors  which  must  have  a  high  specific  surface  area,  a 
high  mesoporous  volume,  and  a  particular  electrical  conductivity. 
The  carbonization  temperature  of  CNF  was  set  to  800  °C  herein. 
Fig.  4a  and  b  presents  HRSEM  images  of  the  CNF  electrode  and  the 
CNT-CNF  electrode,  respectively.  Following  the  carbonization,  the 
CNFs  remain  smooth  and  straight  with  diameters  of  200-250  nm, 
as  presented  in  the  inset  of  Fig.  4a.  However,  the  CNT-embedded 
CNFs  are  curled  and  have  slightly  rough  surfaces,  and  their 
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Fig.  2.  HRSEM  images  of  (a)  a-Mn02  and  (b)  8-Mn02;  TEM  images  of  (c)  a-Mn02  with  the  inset  of  SAD  pattern  and  (d)  the  corresponding  enlarged  image  with  the  inset  of  digital 
micrograph;  TEM  images  of  (e)  8-Mn02  with  the  inset  of  SAD  pattern  and  (f)  the  corresponding  enlarged  image  with  the  inset  of  digital  micrograph. 


diameters  are  increased  to  300-350  nm,  as  presented  in  the  inset 
of  Fig.  4b.  The  additional  CNTs  in  the  CNFs  may  be  responsible  for 
this  change,  and  these  characteristics  have  been  identified  in 
elsewhere  studies  [38-40].  Since  the  CNTs  have  rigid  tubular 
structures,  when  the  slightly  curved  CNTs  are  added  to  them,  the 
CNFs  may  form  with  the  curvature  of  these  added  CNTs.  Added  the 
highly  curved,  winding  or  helical  CNTs  cannot  be  embedded  in  the 
CNFs,  which  therefore  have  the  rough  surfaces  [32]. 

The  electrical  conductivity  of  the  samples  was  determined  in  a 
two-electrode  holder  by  performing  an  AC  impedance  analysis.  The 
measurements  of  impedance  reveal  that  the  electrical  conductiv¬ 
ities  of  the  CNF  electrode  and  the  CNT-CNF  electrode  are  9.5  and 


52.6  S  cm-1.  Clearly,  adding  the  CNTs  to  the  CNT-CNF  electrode 
greatly  increases  its  electrical  conductivity  over  that  of  the  CNF 
electrode.  A  high  electrical  conductivity  of  the  electrode  is  expected 
to  result  in  low  energy-loss  during  the  charge/discharge  cycles. 

The  surface  properties  of  carbon-based  materials  strongly  in¬ 
fluence  the  electrochemical  performance  of  double-layer  capaci¬ 
tances.  Table  1  summarizes  the  BET  measurements  of  the  CNF 
electrode  and  the  CNT-CNF  electrode.  Therefore,  the  specific  surface 
area  and  the  specific  pore  volume  of  the  CNT-CNF  electrode  exceed 
those  of  the  CNF  electrode. 

Fig.  5a  plots  the  capacitive  characteristics  of  the  CNT-CNF  elec¬ 
trode  and  the  CNF  electrode  at  a  scan  rate  of  5  mV  s-1.  The  specific 
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Fig.  3.  (a)  CV  curves  of  activated  carbon  (background),  a-Mn02  electrode,  and  5-Mn02 
electrode  at  a  scan  rate  of  5  mV  s-1  in  0.5  M  Na2S04;  (b)  the  specific  capacitances  of  a- 
Mn02  electrode  and  5-Mn02  electrode  at  various  scan  rates. 

capacitances  of  these  electrodes  are  126.8  F  g-1  and  34.5  F  g_1, 
respectively.  The  shapes  of  measured  CV  curves  are  a  little  dis¬ 
torted.  Gao  et  al.  obtained  the  similar  shapes  of  measured  CV  curves 
of  carbon  nanotubes  and  carbon  nanofibers  composite  film,  and 
found  that  the  radii  of  the  hydrated  cations  may  dominate  the 
behavior  of  the  electrical  double-layer  on  carbon-based  materials 
[41  ].  The  CV  curve  of  CNT-CNF  electrode  exhibits  almost  no  defor¬ 
mation  and  no  obvious  oxidation/reduction  peak,  indicating  that 


Table  1 

Summary  of  BET  and  BJH  properties  of  various  samples. 


Sample 

Sbet  (m2  g  1) 

Wore  (cm3  g  ') 

CNF  electrode 

11.9 

0.02 

CNT-CNF  electrode 

50.2 

0.156 

0  1000  2000  3000  4000  5000 

Cycle  number 

Fig.  5.  (a)  CV  curves  of  CNT-CNF  electrode  and  CNF  electrode  at  a  scan  rate  of  5  mV  s-1 
in  0.5  M  Na2S04;  (b)  the  cyclic  test  of  CNT-CNF  electrode  between  the  potential  range 
of -1.2  to  -0.2  V. 


(b) 


Fig.  4.  HRSEM  images  of  (a)  CNF  electrode  and  (b)  CNT-CNF  electrode. 
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Cell  voltage  /  V  Cycle  number 

Fig.  6.  (a)  Comparison  of  CV  curves  of  5-Mn02  electrode  and  CNT-CNF  electrode  in  a  three-electrode  cell  at  a  scan  rate  5  mV  s-1;  (b)  CV  curves  of  5-Mn02//CNT-CNF  ASC  at  different 
voltage  window  at  a  scan  rate  of  5  mV  s-1;  (c)  charge/discharge  curves  of  5-Mn02//CNT-CNF  ASC  at  various  current  densities;  (d)  the  cyclic  test  of  5-Mn02//CNT-CNF  ASC  between 
the  potential  range  of  0-2.0  V. 


ions  (Na+)  are  adsorbed  by  the  surface  of  the  electrode,  forming  an 
electrical  double-layer,  owing  to  a  Coulombic  interaction  rather 
than  an  electrochemical  reaction  42]. 

One  of  the  most  important  characteristics  of  an  electrochemical 
double-layer  capacitor  is  its  durable  cyclic  performance.  A  cyclic 
test  of  the  CNT-CNF  electrode  is  carried  out  at  a  scan  rate  of 
50  mV  s-1  in  the  potential  range  -1.2  to  -0.2  V.  Fig.  5b  plots  the 
capacity  retention  as  a  function  cycle  number.  After  5000  cycles, 
the  capacity  retention  is  100%.  Restated,  the  embedding  of  CNTs  in 
the  CNFs  may  stabilize  the  carbon  structures  in  the  electrochemical 
charge/discharge  process. 

Fig.  6a  compares  CV  curves  of  the  5-Mn02  electrode  and  the 
CNT-CNF  electrode  in  0.5  M  Na2S04  in  a  three-electrode  cell  at  a 
scan  rate  5  mV  s-1.  The  stable  potential  range  of  the  CNT-CNF 
electrode  is  -1.2  to  -0.2  V  and  that  of  the  5-Mn02  electrode 
is  -0.2  to  0.8  V.  Accordingly,  the  sum  of  the  potential  ranges  of  the 
two  electrodes  is  2.0  V,  indicating  that  they  can  potentially  be  used 
in  a  high-voltage  ASC  that  operates  at  2.0  V  with  0.5  M  Na2S04. 
Since  the  two  electrodes  have  different  specific  capacitance,  the 
mass  ratio  between  the  two  electrodes  is  given  by  the  equation: 


m+  C_  x 

m_  C+  x  AE+  ^  1 

where  m  is  the  mass  of  the  active  material  in  the  electrode;  C  is  the 
specific  capacitance,  and  A E  is  the  range  of  potentials  over  which 
the  charge/discharge  process  occurs.  The  charge/discharge  process 
of  the  5-Mn02//CNT-CNF  ASC  was  examined  using  a  two-electrode 
cell.  Fig.  6b  plots  the  CV  curves  of  the  5-Mn02//CNT-CNF  ASC  for 
different  voltage  windows  in  the  0.5  M  Na2S04  at  a  scan  rate  of 
5  mV  s-1.  The  capacitive  characteristics  are  favorable  at  cell  voltages 
from  1.0  V  to  2.0  V. 


Galvanostatic  charge/discharge  measurements  were  made  at 
various  current  densities  to  elucidate  the  electrochemical  behaviors 
and  determine  the  specific  capacitances  of  the  §-Mn02//CNT-CNF 
ASC  with  0.5  M  Na2S04  at  a  cell  voltage  of  2.0  V,  as  presented  in 
Fig.  6c.  The  charge  curves  are  clearly  symmetrical  with  the  corre¬ 
sponding  discharge  curves,  revealing  that  the  iR  drop  in  the  charge/ 
discharge  process  is  very  small  [43].  Each  curve  reflects  a  highly 
linear  relation  between  charge/discharge  potential  vs.  time,  indi¬ 
cating  that  the  5-Mn02//CNT-CNF  ASC  has  excellent  capacitive 
characteristics. 

The  specific  capacitances  and  the  energy  densities  are  calculated 
from  various  discharge  curves  based  on  the  total  mass  of  the  active 
materials  on  the  two  electrodes,  whose  power  densities  (P)  are 
given  by  Equations  (1 )  and  (4),  and  presented  in  Table  2.  The  energy 
density  of  the  5-Mn02//CNT-CNF  ASC  is  52.22  Wh  kg-1  at  a  power 
density  of  100  W  kg-1,  and  reaches  30.74  Wh  kg-1  at  1000  W  kg-1. 

P  =  f  (4) 

where  t  is  the  discharge  duration.  Table  3  compares  the  results  in 
this  work  are  compared  with  those  in  the  literature.  The  specific 
capacitance  is  mainly  determined  by  the  material  property,  which 
is  also  affected  by  the  electrolyte,  the  applied  current  density,  and 


Table  2 

The  specific  capacitive  properties  of  the  5-Mn02//CNT-CNF  ASC  at  various  charge/ 
discharge  current  density. 


'(Ag-1) 

0.10 

0.20 

0.50 

0.80 

1.00 

CtFg-1) 

93.99 

83.36 

70.31 

62.01 

55.33 

E  (Wh  kg  ') 

52.22 

46.31 

39.06 

34.45 

30.74 

P(  Wkg-1) 

100.00 

200.00 

500.00 

800.00 

1000.00 
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Table  3 

Comparison  of  Mn02//carbon  ASCs  from  literature. 


Positive  electrode 

Negative  electrode 

Electrolyte 

Cell  voltage  (V) 

C(Fg-’) 

/(Ag-1) 

E  (Wh  kg"1) 

P  (W  kg-1) 

Ref. 

Mn02 

ACa 

1.0  M  Na2S04 

2.0 

30.8 

0.10 

17.1 

100 

[51] 

Mn02 

Graphene 

1.0  M  Na2S04 

2.0 

45.5 

0.10 

25.2 

100 

[52] 

Mn02 

Graphene 

0.5  M  Na2S04 

2.0 

41.8 

1.00 

23.2 

1000 

[46] 

Mn02/GHCS 

GHCSb 

1.0  M  Na2S04 

2.0 

39.8 

0.10 

22.1 

100 

[53] 

Mn02 

CNT 

1.0  M  Na2S04 

2.0 

85.3 

0.20 

47.4 

200 

[44] 

Mn02 

AC 

1.0  M  Na2S04 

2.0 

50.6 

0.10 

28.1 

100 

[45] 

Mn02/CNT 

CNT 

1.0  M  Na2S04 

2.0 

27.6 

0.10 

15.3 

100 

[54] 

NaMn02 

AC 

0.5  M  Na2S04 

1.9 

38.9 

0.14 

19.5 

130 

[55] 

Mn02 

CNT-CNF 

0.5  M  Na2S04 

2.0 

93.99 

0.10 

52.2 

100 

This  work 

a  AC:  activated  carbon. 
b  GHCS:  graphitic  hollow  carbon  sphere. 


the  assembling.  Clearly,  the  energy  density  of  5-Mn02//CNT-CNF 
ASC  is  higher  than  or  similar  to  those  of  most  Mn02//carbon  ASCs  in 
the  literature.  Jiang  et  al.  demonstrated  an  Mn02//CNT  ASC  with  a 
1.0  M  Na2S04  of  85.3  F  g-1  at  0.20  A  g~\  which  value  was  a  little 
higher  than  herein  [44].  Flowever,  the  specific  capacitances  of  their 
ASC  were  only  around  50  F  g-1  and  40  F  g-1  at  0.80  A  g-1  and 
1.00  A  g_1,  respectively,  which  are  lower  than  those  herein,  which 
are  62.01  F  g-1  and  55.33  F  g”1  at  0.80  A  g'1  and  1.00  A  g~\ 
respectively. 

Long-term  cycling  stability  at  a  high  scan  rate  is  an  essential 
property  of  a  supercapacitor.  Fig.  6d  plots  the  capacity  retention  of 
the  5-Mn02//CNT-CNF  ASC  that  is  charged  and  discharged  between 
0  and  2.0  V  at  a  scan  rate  of  50  mV  s-1  as  a  function  of  the  number  of 
cycles.  The  8-Mn02//CNT-CNF  ASC  exhibits  superior  electro¬ 
chemical  stability  with  92%  retention  of  the  initial  specific  capaci¬ 
tance  after  2000  cycles.  This  cycling  performance  is  similar  to  those 
ASCs,  such  as  Mn02//CNT  (90%  retention  after  1000  cycles)  [44], 
Mn02//activated  carbon  (84%  retention  after  1000  cycles)  [45], 
Mn02//activated  carbon  (88%  retention  after  1000  cycles)  [13], 
Mn02//graphene  (87%  retention  after  2000  cycles;  83.4%  retention 
after  5000  cycles)  [46],  Mn02/graphene//graphene  (79%  retention 
after  1000  cycles)  [47],  CNTs/Mn02//CNTs/Sn02  (92%  retention  after 
1000  cycles)  [48],  Mn02//activated  carbon  (93%  retention  after  100 
cycles)  [49],  and  Ni(OFI)2//activated  carbon  (82%  retention  after 
1000  cycles)  [50]  ASCs.  These  results  reveal  that  the  5-Mn02//CNT- 
CNF  ASC  herein  has  excellent  electrochemical  stability. 

The  high  energy  of  the  5-Mn02//CNT-CNF  ASC  is  attributable  to 
the  following.  First,  the  5-Mn02  is  composed  petal-shaped  nano¬ 
sheets  with  a  very  small  thickness  of  5-10  nm;  this  thin  structure 
ensures  the  high  electrochemical  utilization  of  active  materials, 
providing  a  large  surface  area  for  attracting  electroactive  species. 
The  size  of  Na+  is  0.4  nm  in  aqueous  solution  [56  .  The  interlayer 
distance  in  the  8-Mn02  is  approximately  0.67  nm,  which  may  sta¬ 
bilize  a  significant  amount  of  water  and  Na+  between  Mn06  octa¬ 
hedral  structures.  The  thin  5-Mn02  ensures  the  high 
electrochemical  utilization  of  active  materials,  providing  a  large 
surface  for  attracting  electroactive  species.  Additionally,  according 
to  earlier  studies  [57-59],  the  crystalline  8-Mn02  herein  has  an 
amorphous  structure,  favoring  high  capacitance.  Second,  an  elec¬ 
trical  double-layer  capacitor  should  have  large  pores,  a  high  surface 
area,  and  high  electrical  conductivity.  The  conventional  negative 
electrode  was  composed  of  activated  carbon  that  is  mixed  with 
binders,  which  were  screen-printed  on  the  nickel  foil.  Acetylene 
carbon  black,  whose  BET  surface  area  and  electrical  conductivity  are 
65  m2  g-1  and  0.0025  S  cm-1,  respectively,  is  typically  used  in 
negative  electrodes  [25].  Recent  works  have  used  activated  carbon 
with  a  large  surface  area  (1000-3500  m2  g-1)  and  carbon  nano¬ 
materials  with  high  electrical  conductivity  (such  as  CNT,  graphene, 
104— 106  S  cm-1)  [1,23,26,27,60].  Compared  to  those  materials,  the 
CNT-CNF  electrode  herein  does  not  have  a  significant  surface  area 


or  high  electrical  conductivity.  Flowever,  it  has  a  good  network 
structure,  and  the  CNFs  therein  form  conductive  chains  and  the 
embedded  CNTs  improve  the  electrical  conductivity  of  the  CNFs, 
resulting  in  low  energy  loss  during  the  charge/discharge.  Third,  the 
energy  density  of  the  supercapacitor  is  proportional  to  the  square 
of  the  operating  cell  voltage.  The  5-Mn02//CNT-CNF  ASC  can  oper¬ 
ate  up  to  2  V  with  very  good  long-term  cycling  stability  in  an 
aqueous  neutral  electrolyte. 

4.  Conclusion 

This  work  demonstrates  an  ASC  using  petal-like  Mn02  nano¬ 
sheets  and  CNT-embedded  polyacrylonitrile-based  carbon  nano¬ 
fibers  as  the  positive  and  negative  electrodes,  respectively.  It  has  a 
voltage  window  of  2.0  V  and  exhibits  a  specific  capacitance  of 
93.99  F  g_1  with  a  corresponding  energy  density  of  52.22  Wh  kg-1 
at  a  current  density  of  0.1  A  g_1.  The  capacitive  properties  of  a- 
Mn02  and  §-Mn02  are  firstly  evaluated.  As-prepared  5-Mn02  is 
formed  of  very  thin  nanosheets  with  amorphous  structure,  and  has 
a  higher  capacitance  than  as-prepared  a-MnC^.  Second,  the  CNT- 
CNF  electrode  has  a  favorable  double-layer  capacitance  owing  to 
its  network  structure.  Apart  from  the  synergistic  effects  of  the  two 
superior  electrodes,  the  5-Mn02//CNT-CNF  ASC  exhibits  not  only 
excellent  electrochemical  performance  but  also  excellent  cycling 
stability,  retaining  92%  of  the  initial  specific  capacitance  after  2000 
cycles,  making  it  an  ASC  with  potential  for  use  in  various 
applications. 
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